To study the characteristics and the effects of biodegradation on the carbon isotopic composition of gaseous hydrocarbons of the natural gases in the Bamianhe oil field of the Jiyang Depression, five gas samples and three associated oil samples from the Bamianhe oil field of the Jiyang Depression, Eastern China, were collected and analyzed. The results present here an example of gas biodegradation. The main component of natural gas is methane, in the range of 94.8 to 99.2%. There are only small amounts of ethane and heavier wet hydrocarbon components in the gas, with methane/(ethane + propane) ratios (C 1 /(C 2 + C 3 )) ranging from 78 to 551. The carbon isotopic compositions of methane and ethane rang from -45.0 to -50.0‰ and from -34.2 to -39.8‰, respectively. The carbon isotopic compositions of propane, iso-butane and normal butane display significant variability, ranging from -2.6 to -31.1‰, -14.6 to -29.5‰, and -3.7 to -29.2‰, respectively. The δ 13 C of propane and normal butane are generally more enriched in 13 C than that of iso-butane, and there exists a direct correlation between δ 13 C values of propane and normal butane of biodegraded gases. The carbon isotopic compositions of CO 2 tend to become depleted in 13 C with the increasing δ 13 C values of propane and n-butane. This study reveals that δ 13 C values of methane and ethane basically have not been changed by the biodegradation; biodegradation of natural gas can lead to drier gas compositions; the effects of biodegradation on the δ 13 C of normal butane are greater than that on the δ 13 C of iso-butane; and that propane and normal butane are attacked by microorganisms in a synchronous process. Normal alkanes in the oil samples from the Bamianhe oil field are lost partially or totally with the increasing degree of biodegradation, resulting in the rising of the ratios of (Acyclic Isoprenoid Alkanes/(Normal Alkanes and the ratios of (pristane + phytane)/(nC 17 + nC 18 ). With the increasing of the above ratios, the carbon isotopic compositions of propane, iso-butane and normal butane become enriched in 13 C and the C 1 /(C 2 + C 3 ) ratios increase. It confirms that the abnormal gas components and carbon isotopic compositions of natural gases of the Bamianhe oil field are the result of biodegradation.
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Keywords: natural gas, biodegradation, stable carbon isotopes, bamianhe oil field, eastern China gas components. The result is a dry gas with anomalous propane carbon isotopic compositions as well as unusual carbon isotopic distributions among the wet gas components (James and Burns, 1984) . There are numerous studies concerned with biodegradation of oils in subsurface reservoirs (Bailey et al., 1973; Volkman et al., 1984; Rowland et al., 1986; Palmer, 1993; George et al., 2002; Roeling et al., 2003; Larter et al., 2003) , and with microbial oxidation of methane in freshwater and marine sediments and soils (Coleman et al., 1981; Zyakun et al., 1985; Ward et al., 1987; Blair and Aller, 1995; Kotelnikova, 2002; Sassen et al., 2004) . Only a few studies have been concerned with reservoired natural gas altered by microorganisms up to now (James and Burns, 1984; Zhang and Li, 1990; Pallasser, 2000; Boreham et al., 2001; Katz et al., 2002) .
The molecular and stable carbon isotopic composi-
INTRODUCTION
Microorganisms exist broadly in the Earth's surface and in sediments several hundreds of meters below the Earth surface. Few or even no microorganisms are found in petroleum and natural gas reservoirs, but flow of meteoric surface water or drilling fluids may lead microorganisms and chemicals (nutrients, electron acceptors) into reservoirs (Wang, 1983; Roeling et al., 2003) . Biodegradation of oil results in a decrease in the hydrocarbon content and an increase in oil density, sulphur content, acidity and viscosity (Connan, 1984) . Biodegradation of gas appears to be capable of removing all but traces of wet tions of natural gas are of particular importance for the genetic identification of natural gas and gas-source rock correlations because they reflect the thermal maturity of source rocks and the isotopic composition of the source of the organic matter. However, microbial alteration of natural gas could change the original characteristics of gas and make it difficult to use carbon isotopic compositions of hydrocarbon gases to identify natural gas origins. Early studies showed that during the initial stages of microbial gas alteration propane seems to be selectively consumed, resulting in abnormal 13 C enrichment in propane (James and Burns, 1984) . But recent studies have found that this is not always the case, as the carbon isotopic compositions of nC4 (-30 to -11‰) may often be nearly equal to that of propane (-31 to -10‰) (Katz et al., 2002) . Zhang and Li (1990) found that there exists biodegraded gas in the Gudong oil field of the Jiyang Depression of Eastern China, based on the abnormal 13 C enrichment in propane (ranging from -14.0 to -26.3‰). However the carbon isotopic compositions of iso-butane and normal butane were not separately measured and only δ 13 C values of butane (ranging from -16.8 to -21.8‰) were given in the study. Recent high precision measurements of carbon isotopic compositions of trace amounts of gaseous hydrocarbons have made it possible to investigate δ 13 C values of lower wet gas components in dry gases. The purpose of this study is to investigate the effects of biodegradation on the carbon isotopic compositions of natural gases and to relate the changes in the δ 13 C values of gaseous hydrocarbons with the biodegradation degree of associated oils from the Bamianhe oil field of the Jiyang Depression, Eastern China.
GEOLOGICAL SETTING
The Jiyang Depression is a part of the Bohai Bay Basin in Northeastern China, which is a complex and rifted basin formed in the late Jurassic and early Tertiary (Hu et al., 1986) . The Bamianhe oil field is located in the eastern segment of the Niuzhuang South Slope in the Jiyang Depression (Fig. 1) . The main petroleum source rock of the region is the Shahejie formation of the Paleogene system, which can be subdivided into four members from top to bottom as Es 1 to Es 4 (Zhang and Zhang, 1999) . The organic materials of the upper Es 4 source rocks are sapropelic type containing abundance of algae deposited under conditions of enhanced salinity/stratified water columns (Zhang and Zhang, 1999) . Oil-source rock correlation studies indicated that crude oils of the Bamianhe oil field are immature to low-mature oils generated from the upper Es 4 source rocks (with Ro < 0.5%) along the Niuzhuang South Slope (Zhou, 1987; Hong et al., 1997; Zhang and Zhang, 1999) . But Pang et al. (2003) proposed that some oils are mature and connected with the Es 4 and Es 3 members of the Shahejie Formation present in the deeper part of the Niuzhuang sag. Because relatively long distance migration is needed for mature oil generated from the deeper part of the Niuzhuang sag to accumulate in the reservoirs of the Bamianhe oil field (Pang et al., 2003) , and the biomarker studies show strong evidence that the Pang et al. (2003) .
oils of the Bamianhe oil field are immature to low-mature (Hong et al., 1997; Zhang and Zhang, 1999 ), so we think that the majority of the oils should be immature to low-mature oils.
The crude oils in the Bamianhe oil field are characterized by low API (American Petroleum Institute) gravity, high viscosity, high sulfur content and low pour point, and by absence or partial removal of n-alkanes, which were considered as a result of light to moderate biodegradation (Pang et al., 2003) . Gases in the Bamianhe oil field are almost dry with over 95.0 to 99.6% methane and trace amounts of N 2 and CO 2 (Cao, 1993) . There are no published data on the carbon isotopic compositions of the gaseous hydrocarbons up to now.
The reservoir depth of the Bamianhe oil field ranges from 947.6 to 1505.0 m with corresponding temperature ranging from 65 to 74°C (Pang et al., 2003) . This temperature range fits biodegradation of oil and gas because it usually occurs under 80°C, especially under about 50°C (Wenger and Isaksen, 2002) .
SAMPLES AND METHODS
Five gas samples were collected from the production well-head using glass bottles. These were first filled with NaCl saturated solution to remove traces of air and were erected upside-down in the solution. The bottles were then filled with gas until about one fifth of the solution remained via tubing that attached to the wellhead. All of the gas samples were associated with oil accumulations. Three oil samples were also collected from three of the corresponding production well. The depths of reservoirs sampled range from 1043 to 1473 m ( Table 1) .
The components of natural gases were measured by a HP5890 gas chromatograph equipped with GDX-502 (4 m × 3 mm) and MS molecular sieve (2.4 m × 3 mm) columns and TCD (thermal conductivity detector) and FID (flame ionization detector) detectors. The data were reported air-free normalized to 100% (in vol.%) of total gas. The carbon isotopic compositions of gaseous hydrocarbons were determined using gas chromatography isotope ratio mass spectrometry (HP6890A-DeltaPlusXP).
CO 2 with pre-calibrated isotopic composition (-24.6‰ VPDB) was used as the work standard. Carbon isotopic data were expressed in per mil (‰) relative to the Vienna Pee Dee Belemnite (VPDB) standard.
Crude oil samples were first deasphalted by adding an excess of hexane. The maltenes were fractionated on a neutral alumina chromatographic column into saturated hydrocarbons, aromatic hydrocarbons and a polar fraction, by sequential elution with n-hexane, benzene and dichloromethane.
Gas chromatography-mass spectrometric analyses (GC-MS) of saturated hydrocarbons were carried out on a HP6890N Mass Selective Detector (5973N) system equipped with a HP-5 (30 m × 0.32 mm × 0.25 µm) capillary column. The GC oven was programmed from 80°C to 290°C at 4°C/min and held at the final temperature for 30 minutes.
RESULTS AND DISCUSSIONS

Gas composition and stable carbon isotopes
The main hydrocarbon component of the natural gases of the Bamianhe oil field is methane, ranging from 94.8 to 99.2%, and the minor ones are ethane and propane, ranging from 0.1 to 0.4% and from <0.1 to 0.8%, respectively. There are also a small amount of C 4 + hydrocarbons (from 0.2 to 1.5%). The non-hydrocarbon components are CO 2 and N 2 , ranging from 0.2 to 1.0% and 0.3 to 2.7%, respectively (Table 1) .
Carbon isotopic compositions of methane and ethane of the gases are relatively depleted in 13 C, ranging from -45.0 to -51.7‰ and -34.2 to -39.8‰, respectively, while the carbon isotopic compositions of propane, iso-butane and normal butane are abnormally enriched in 13 C except that of M1-9-8 well. δ 13 C 3 ranges from -2.6 to -31.1‰, δ 13 iC 4 ranges from -14.6 to -29.5‰, and δ 13 nC 4 ranges from -3.7 to -29.2‰. The carbon isotopic composition of CO 2 is relatively depleted in 13 C, ranging from -10.8 to -17.9‰ (Table 2) .
Origin of the gases
The major components of the natural gases of the Bamianhe oil field are methane, with C 1 /C 2 + C 3 ratios ranging from 78 to 551 and C 1 /(C 1 -C 5 ) ratios ranging from 0.971 to 0.999, and display depleted 13 C in carbon isotopic compositions of methane and ethane. The δ 13 C values of methane mainly reflect the organic types and maturity of source rocks, i.e., δ 13 C values of methane from sapropelic organic material are generally depleted in 13 C than that from humic organic material under same maturity. δ 13 C values of methane become enriched in 13 C with increasing maturity of source rocks (Stahl and Carey, 1975; Schoell, 1980; Clayton, 1991; Chung et al., 1988; Berner and Faber, 1996; Wang et al., 2003) . So we think that the relatively 13 C depleted δ 13 C values of methane of the Bamianhe oil field reflect most probably the characteristics of gas from sapropelic organic materials of low maturity, but it cannot get rid of a mixed origin of biogenic methane and thermogenic methane. Because the shallow depth and low temperature of gas and oil reservoirs of the Bamianhe oil field provides conditions for oil and gas biodegradation, and correlation between biodegraded oils and biodegraded dry gas (see discuss below) can support the existence of "secondary biogenic gas" that is formed from the bacterial destruction of oil in the Bamianhe oil field as proposed by Pallasser (2000) in the natural gas study of the North West Shelf and Gippsland and Otway Basins in Australia. A high maturity origin of methane can be expelled because of the lack of high maturity source rocks in the study area (Zhang and Zhang, 1999) . The δ 13 C values of ethane mainly reflect the organic types of source rocks, for instance, natural gas studies in the Sichuan basin and the Tarim basin of China indicated that δ 13 C values of ethane from sapropelic organic materials are generally lower than -28‰ or -29‰ (Zhang et al., 1988; Huang, 1990; Chen et al., 2000) . As the organic sources of the Bamianhe oil field are alga enriched sapropelic organic material, and the source rocks are immature to low-mature (Zhang and Zhang, 1999) , the relative enrichment of 12 C in ethane probably explain that natural gas of the Bamianhe oil field has the same origin as oil, i.e., they are oil associated gases generated from low mature sapropelic organic materials. On the other hand, the effect of biodegradation on the carbon isotopic composition of ethane can be expelled because unlike that of propane, iso-butane and n-butane, the δ 13 C values of ethane distribute in a relatively narrow range and do not become enriched in 13 C with the increasing biodegradation degree of associated oils.
Effects of biodegradation on the carbon isotopic composition of natural gas
Of the gas samples analyzed, the carbon isotopic compositions of propane, iso-butane and n-butane are abnormally enriched in 13 C and the carbon isotopic compositions of propane and n-butane are even more enriched in 13 C than that of iso-butane except the sample of M1-9-8 well (Fig. 2) . The oil sample of the M1-9-8 well is the least biodegraded one among the samples analyzed since there still some normal alkanes left behind (see discuss below). The gas sample associated with this oil displays a normal distribution of carbon isotopic compositions of methane to n-butane (Fig. 2) . So it can be proposed that the wet gas components of the M1-9-8 well has not yet been attacked by bacteria and the δ 13 C values of methane to n-butane of this gas could represent the original carbon isotopic features of the gas. From this point of view, we can also propose that there is no effect of biodegradation on the carbon isotopic composition of ethane because of the narrow distribution of δ 13 C values ethane. Propane, iso-butane and n-butane of the other four gas samples are much more enriched in 13 C than that of non-degraded gas of M1-9-8 well. This indicates that propane, iso-butane and n-butane of the other four gas samples have been attacked by microorganisms to different degrees. On the other hand, propane and n-butane are enriched in 13 C than that of iso-butane of the same biodegraded samples, showing that n-butane are more easily biodegraded than isobutane as observed by Katz et al. (2002) .
Gases of the Bamianhe oil field display a very wide range in the carbon isotope distribution of propane (from -2.6 to -31.1‰), but a relatively narrow range in the carbon isotope distribution of ethane (from -34.2 to -39.8‰). This is also the case for most of the gases in the Gudong oil field of the Jiyang Depression, with δ 13 C 3 ranging from -14.0 to -26.3‰ and δ 13 C 2 ranging from -29.0 to -29.6‰, respectively (Zhang and Li, 1990) . However, biodegraded gases of the South Caspian Basin display not only a wide range in the carbon isotope distribution of propane (from -10.6 to -24.9‰), but also a wide range in the carbon isotope distribution of ethane (from -20.4 to -31.8‰) (Katz et al., 2002) (Fig. 3) . It can be assumed that propane and heavier hydrocarbons tend to be attacked more easily by microorganisms, but ethane seems to be not attacked or slightly attacked under different biodegradation conditions. As a result, carbon isotopic compositions of propane and heavier hydrocarbons of biodegraded gases usually become enriched in 13 C, while that of ethane will not change or only enriches 13 C slightly. Of the four biodegraded gas samples of the Bamianhe oil field, three of them have more 13 C enriched δ 13 C nC4 values than δ 13 C 3 values; only the gas sample of M4-7-73 shows slightly 13 C enriched δ 13 C 3 value than δ 13 C nC4 value (Table 2, Fig. 2 ). This phenomenon is not in accordance with the early study of James and Burns (1984) but similar with the study of Katz et al. (2002) . There is a direct correlation between the carbon isotopic compositions of propane and n-butane of biodegraded gases (Fig. 4) , it reveals that alteration of microorganisms on propane and n-butane is a synchronized process.
On the geological background of the Bamianhe oil field, the main source rocks of petroleum and natural gas are immature to low-mature (Zhang and Zhang, 1999) . Even though there are some oils in the Bamianhe oil field that are mature and connected with the Es 4 and Es 3 members of the Shahejie Formation in the deeper part of the Niuzhuang sag by long distance migration (Pang et al., 2003) , the existence of high maturity gas is impossible because there is no high maturity source rocks in the area (Zhang and Zhang, 1999) . So we propose that the low wet gas components and abnormal enrichment of 13 C in propane and n-butane of gases in the Bamianhe oil field are the result of biodegradation of oil associated gases.
The carbon isotopic compositions of CO 2 tend to become depleted in 13 C with the increasing δ 13 C values of propane and n-butane (Fig. 5, Table 2 ). It means that the 13 C depleted CO 2 are produced from the biodegradation of oil and gas.
Relationship between biodegradation rank of oils and carbon isotopic composition of associated gases
Biodegradation of crude oils in reservoirs remove hydrocarbons in roughly the order: n-alkanes > alkylcyclohexanes > alkylbenzens > acyclic isoprenoids > alkylnaphthalenes > bicyclic alkanes > alkylphenanthrenes > steranes > hopanes (Volkman et al., 1983; Peters and Moldowan, 1993; Trolio et al., 1999; George et al., 2002) , and pristane is more sensitive to biodegradation than phytane (Bao et al., 2002) . From the total ion chromatograms (TIC) of the saturated fractions of the oil samples of the Bamianhe oil field (Fig. 6) , we can see that n-alkanes have been partly removed in sample of M1-9-8 well, mostly removed in the sample of M1-10-7 well, and nearly totally removed in the sample of M14-9-17 well by biodegradation. The reduction in the relative abundance of short-chain n-alkanes compared to normal oils indicates light to moderate levels of biodegradation (Peters and Moldowan, 1993) . With the increase in the biodegradation rank of oils, Pr/Ph decreases from 0.45 of the M1-9-8 well to 0.13 of the M14-9-17 well. The ratio of (Acyclic Isoprenoid Alkanes)/(Normal Alkanes) increases from 3.35 of the M1-9-8 well to 11.44 of the M14-9-17 well, the ratio of (Pr + Ph)/(nC 17 + nC 18 ) increases from 0.459 to 3.132, the C 1 /C 1-5 ratio increases from 0.971 to 0.998, and δ 13 C values of propane and nbutane increase from -31.1‰ to -17.5‰, and -29.2‰ to -13.6‰, respectively (Table 3) . It shows clearly that with Effects of biodegradation on carbon isotopic composition of natural gas 307 13 C values of propane, iso-butane and n-butane increase with the biodegradation rank of oil, indicating that propane and higher wet gas components have been altered by microorganisms, and the alteration on n-butane is stronger than that on the iso-butane. The direct correlation between δ 13 C values of propane and n-butane of biodegraded gases show that alteration of microorganisms on propane and n-butane is a synchronized process.
The carbon isotopic compositions of CO 2 tend to become relatively depleted in 13 C with the increasing δ 13 C values of propane and n-butane, showing that the 13 C depleted CO 2 are the result of biodegradation of oil and gas.
With the increase in the biodegradation rank of oils, Pr/Ph decreases, (Acyclic Isoprenoid Alkanes)/(Normal Alkanes) increases, (Pr + Ph)/(nC 17 + nC 18 ) increases, C 1 / C 1-5 ratio increases, and δ 13 C values of propane and nbutane increase. It shows clearly that with the increase in biodegradation rank of oils, the associated gases become drier in hydrocarbon components and enriched in 13 C in the carbon isotopic compositions of propane and n-butane.
the increase in the biodegradation rank of the oils, the associated gases become drier in hydrocarbon components and enriched 13 C in the carbon isotopic compositions of propane and n-butane. i.e., the more severer the biodegradation, the more enrichment in 13 C of the carbon isotopic compositions of propane and n-butane. So it can be confirmed that the low wet gas components and abnormal enrichment of 13 C in propane and n-butane of gases in the Bamianhe oil field are the result of biodegradation.
CONCLUSIONS
Oil-associated natural gases of the Bamianhe oil field of the Jiyang depression are mainly composed of methane, ranging from 94.8 to 99.2%. The contents of wet gas components are low, ranging from 0.4 to 2.7%. The C 1 / (C 2 + C 3 ) ratio is higher than 78 (78 to 551) and increases with the biodegradation rank of oil, indicating that the gas become drier because of the effects of biodegradation.
The carbon isotopic compositions of methane and ethane are relatively depleted in 13 C and have a narrow range, from -45.0 to -50.0‰, and -34.2 to -39.8‰, respectively. Methane and ethane of the oil-associated gases of the Bamianhe oil field are most possibly generated from sapropelic organic materials at an early maturation stage. But a mixed origin of biogenic and thermogenic methane can not be expelled because the correlation between biodegraded oils and biodegraded dry gas can support the existence of "secondary biogenic gas" that is formed from the bacterial destruction of oil. The existence of high maturity gas is impossible because there is no high maturity source rocks in the area. That δ 13 C values of ethane of the oil-associated gases of the Bamianhe oil field do not become enriched in 13 C with the increasing biodegradation degree of associated oils explains that they are not yet affected by biodegradation.
The distribution of δ 13 C values of propane, iso-butane and n-butane are wide, ranging from -2.6 to -31.1‰, -14.6 to -29.5‰, and -3.7 to -29.2‰, respectively. Compared with that of methane and ethane, the carbon isotopic compositions of propane, iso-butane and n-butane are abnormally enriched in 13 C, and δ 13 C of n-butane is even more enriched in 13 C than δ 13 C of iso-butane, and 
